The gathering momentum for the use of polyester ropes for long term production system moorings in deep water has instigated a thorough review of their fatigue performance. The traditional view of designers has been to use spiral strand steel wire rope T-N curves to assess the fatigue performance of polyester ropes on the basis that available evidence indicates that the latter's fatigue performance is superior to spiral strand wire rope. The authors have examined all the available fatigue testing data and the proposals for polyester specific T-N curves and have identified a number of issues pertinent to the derivation of fatigue design data for fibre ropes and propose an improved design curve. This paper systematically identifies the various issues and proposes a rational way of including the available data (including runouts) for the development of a T-N curve for polyester ropes. The new data was used to re-visit the fatigue life and reliability for an example West of Shetland FPSO moored using polyester ropes (Ref.1).
Introduction
Synthetic fibre ropes have undergone a rapid testing and development phase over the last five years through a number of Joint Industry Projects (Ref. 2,3,4 and 5) and other studies. Ref. 2 is a recently launched JIP which utilises the latest materials with marine finish, terminations and rope designs.
Due to their good behaviour in fatigue, testing fibre ropes to quantify their fatigue life can be an expensive process and individual tests at loads representative of FPS conditions are predicted to run for man-years even when accelerated several fold. Thus, most fatigue testing has been conducted at high load levels and accelerated rates to produce data within reasonable time and budget. This paper will review the data to show the true potential of polyester fatigue life and to provide a realistic design T-N curve.
Terminated Rope Breaking Strength
Rope strength is defined as Minimum Breaking Strength (MBS) with terminations and is guaranteed by the manufacturer. The average measured breaking strength will typically be 10% higher based on the most recent technology.
As shown in Table 1 , a material, rope and termination review of the public domain data shows considerable scatter in the margin of ABS (Actual Breaking Strength) over MBS between -7% to +36%. This illustrates that care needs to be taken in analysis of data when selecting the basis of rope strength and that a common basis for strength can reveal new information. The column titled theoretical ABS is calculated from the yarn content to give the theoretical strength of the rope to allow for terminations, variability (manufacture of rope, not terminations) and obliquity (effect of the lay angle). This gives a strength expected using a well made, designed and terminated rope with a high quality fibre. This now gives a margin well within 10% for the spliced ropes, with the exception of number 5 for which the terminations may not be reflecting the true potential of the rope. All the resin socket and barrel and spike terminations are giving strengths well below the true potential of the rope.
The variability in these terminated rope strengths affects fatigue life as discussed in the next section.
Fatigue Life
The fatigue data points are shown in Table 2 .
Data points 1, 2, and 3 from Ref. 6 are from well-designed ropes and terminations and tested fully immersed (except for 1 which was tested at such a low frequency, hysteresis heating effects were negligible). However, it should be noted that even these data points are from older technology from the mid 1980's and further improvement in materials and terminations have been made. Theoretical break strength matches well with measured ABS. Thus fatigue loads are realistic relative to both rope and termination and to fibre stresses expected in FPS applications. Data point 4 is of similar pedigree to 1, 2 and 3. Data point 5 is similar, but the higher 15% margin of strength indicates that the termination could be improved or the ropemaker has been conservative in the design by increasing fibre content.
Data point 6 was from the same rope used in Ref. 8 , but the termination was designed and made by TTI. Computer Fatigue Curves for Polyester Moorings -A State-of-the-Art Review S Banfield, TTI, T Versavel, Noble Denton, RO Snell, BP Amoco, RV Ahilan, Noble Denton modeling was used to design the splice to ensure optimum stress transfer from tucked to rope strands. Tapering down to filament diameter (approx. 20 microns) in the critical end of splice area was conducted to avoid any stress concentrations. Tension was applied at all stages of splicing to ensure consistent length between components. Such methods can be realistically applied at full scale and are easier since the components are considerably larger compared to a small 50kN rope. Also, the scaling effect will permit larger component diameter for the final stages of tapering whilst maintaining the same contact pressure. Theoretical and actual strength compare very well. Visual examination of the rope and terminations showed no sign of internal abrasion and residual strength tests on the textile yarns showed 90% retained strength compared to control yarn removed from the new rope.
Data points 7 through 38 were all tested in the Tethers 2000 JIP in the early 1990s (Ref. 5). The rated MBS for the ropes was calculated on a constant stress basis to ensure that terminations, materials and rope constructions could be compared. Although that is a correct methodology for a comparative study it is not relevant for the establishment of a design T-N curve for deepwater mooring where data from all available experiments from many different sources must be put on a common footing before being taken into account.
Data points 10, 11, 16, 20, 24, 25, 26, 27 and 30 that gave termination failures had resin socket and barrel and spike terminations that gave low strength compared to theoretical. Examining data point 11 in more detail from Table 2 reveals that at 65% of measured ABS the cycles to failure was 156,980 which is unrealistically high. In comparison data point 41 gave 200 cycles for a similar percentage load level which is in the expected region. It becomes clear that the low static strength has affected the fatigue results and that these points should be rejected since they underestimate fatigue life as termination design and fitting procedures have changed considerably. For example, current resin socket designs use different cone angles. Furthermore, no tensioning of strands was conducted during resin socketing. It should be noted that recent resin socket designs have been improved and further testing has been conducted as discussed in Ref. 9 and 10. Data points 32, 35, 36, 37 and 38 were tested with a water spray mechanism that did not provide sufficient cooling to prevent hysteresis heating. All these points should be excluded from analysis.
From Ref. 11, data points 39 to 47 use the latest fibre, rope and termination and were tested fully immersed. Only data point 39 should be excluded since it failed on the tangent contact of the spool in the eye. Although this point was not included in the analysis, it should be noted that this is the highest number of cycles that a fibre rope has been tested and at a high load range.
In summary, from the tests taken to failure, data points 10, 11, 16, 20, 24 to 31 and 35 to 39 can be rejected because of the shortcomings discussed above. This leaves data points 2, 3, 15, 17, 18, 19 and 40 to 47, which can be selected for analysis as they are of good quality and known to have been tested immersed, gave clear failures and had terminations relevant to best practice. All the run-outs (except 32 which was not tested fully immersed) have been selected for analysis by the maximum likelihood method as discussed in the next section. Regression analysis based on the theoretical ABS gives the true potential fatigue life of well designed and terminated ropes.
However, in practice there may be range of termination efficiencies and the engineer should use the regression curve against measured ABS. It must however, be noted that the measured ABS will not be available at the design stage and some specified break strength or catalogue break strength or MBS will have to be used in design calculations. Reference to Table 1 shows that when ropes are properly designed, the use of MBS will indeed provide a further conservatism in the calculated fatigue life.
Regression Analysis
Although they offer additional information on the fatigue behaviour of the rope, the run-out tests have usually been omitted in the regression analysis used to derive the T-N curves. In order to take advantage of the valuable information implicit in the runouts, the maximum likelihood method (Ref. 12) has been used in the regression analysis. A clear description of the method may be found in Ref. 12 or Ref. 13 .
In general, given a mix of failure and non-failure experiments, the method of maximum likelihood can be used to fit a probability distribution to the experimental outcome. Assuming that the outcome of the experiment is measured by the random variable x, the likelihood function (L) can be written as:
where f is the probability density function of x, F is the cumulative density function of x, i is an index denoting failure tests, and j is an index denoting non-failure tests.
The procedure used to derive the slope and intercept of the T-N curve using the maximum likelihood method was taken from Ref. 13 . The regression was performed for 8 different cases assuming that tension range is the independent variable. These 8 regressions were performed in order to evaluate all possible combinations (2 3 ) of the effects of the data selection, the use of the run-outs and the choice of the ABS (calculated or measured) in the T-N curve derived.
The resulting design T-N curves (mean -2 x standard deviation, σ) are presented in Figure 1 where N is the number of cycles to failure, R is the ratio of tension range to measured or calculated ABS as noted and k is the design T-N curve intercept (i.e. mean -2σ) . The calculated values of M, k and σ are presented in Table 3 for all combinations studied.
Fatigue Analysis and Reliability
The calculated T-N curves were used to re-visit fatigue life and reliability for a West of Shetland FPSO moored in 1000m of water using polyester ropes (Ref. 1). The mooring system used was a combination of 1500 tonnes break strength polyester rope and 1870 tonnes break strength chain. The results for all the T-N curves given in Table 3 are presented in Table 4 .
The first and most important conclusion of the analysis is that whichever polyester T-N curve is used in the fatigue and reliability model, the fatigue life and probability of failure after 20 years of exposure are at least 3 orders of magnitude greater than the chain in the same model. The model was also run for equivalent spiral strand and six-strand wire ropes, and the results confirm the conclusion of the Engineers' Design Guide (Ref. 16) that it is conservative to use the spiral strand wire rope T-N curve to evaluate the fatigue life of polyester ropes.
The results also show that the selection of the data, mainly the exclusion of the non-best practice termination failures, improves the expected life of the rope significantly.
As expected, the inclusion of the run-outs in the regression analysis increases the scatter of the curve, which has a negative effect on the reliability results. However, the mean T-N curve including the run-outs is above the one calculated excluding the run-outs. This has a positive effect on the fatigue reliability results. In Table 4 , it can be noticed that the inclusion of the run-outs improves the fatigue life for curves number 3/4, 5/6 and 7/8 but decreases the expected life for curves 9/10. This is due to the fact that the increase in standard deviation (σ) which is quite considerable, dominates over the increased mean (k+2σ) of the T-N curve.
Conclusions
A systematic review of all available fatigue test data for polyester ropes has been performed. This review critically examined the suitability of these data for inclusion in T-N curve derivation. Such a critical review highlighted compelling reasons for neglecting a number of fatigue test data which had previously been included in other analyses of data. The primary reason for neglecting the data was the recognition that some of the termination failures which occurred would not have occurred if current best practice had been applied as would be the case for the design of actual ropes. Some other points were neglected because of lack of sufficient attention having been paid to mitigating the effects of hysteresis heating by immersion in water during the tests.
Although a number of previously used test data were neglected, maximum likelihood method has been used to properly include the information gathered from runouts which have previously not been taken into account except in Ref. This curve corresponds to the regression analysis in which the data have been selected, the run-outs have been included and the stress range is calculated using the measured ABS. (polyester case 10 in Table 3 ). The proposed design curve is plotted in Figure 1 .
It was concluded in Ref.
1 that the fatigue performance of a polyester mooring system is governed by the chain segments of the chain-polyester-chain line rather than by the polyester segment. This conclusion is further reinforced by the findings of this paper which shows consistently better performance by the polyester segment (against chain), regardless of whether all data available from polyester fatigue testing is used indiscriminately or as is recommended, the relevant data points are used in T-N curve derivation.
It has also been demonstrated that the fatigue behaviour of polyester rope is better than that of spiral strand wire rope and again, this conclusion is valid regardless of whether selected or all data are used in T-N curve derivation.
It must be remembered that the nondimensionalising parameter for stress range used is ABS. A designer is rarely in possession of the ABS and is generally working with MBS. The ratio of ABS/MBS is around 1.1 and thus the use of MBS in the design stage to nondimensionalise the stress range will result in a conservative calculated fatigue life by a significant margin. Log 10 (N) = -M.Log 10 R + k (k design as opposed to k mean) 
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